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FOREWORD

The five modules presented here are a compiled version of a training program in
use of the falling-weight deflectometer (FWD), conducted by the Engineering
Research and Development Bureau. This program and report are intended to provide
information necessary to understand analysis of pavement systems using the FWD,
and analysis of the resulting data. The modules are summarized as follows:

I.

II.

III.

Iv.

Pavement Response: this provides an overview of basics of elementary
theory, Boussinesq's equations, layered systems, the Winkler foundation,
and finite-element methods.

Empirical and Mechanistic-Empirical Methods of Pavement Design: this
discusses the basis for and differences between empirical and
mechanistic-empirical design.

The Falling-Weight Deflectometer: this gives background of deflection
measurements and FWD characteristics.

Backcalculation of Material Properties: this reviews operational details
of interpreting FWD data, and methods for backcalculation of layer

moduli.

Applications of the Falling-Weight Deflectometer: this discusses uses of
the instrument and summarizes the revised AASHTO overlay design method.

Preceding page blank v






CONTENTS

1. PAVEMENT RESPONSE .

Basics of the Theory of Elasticity
Bossinesq's Equations . Ce e

Layered Systems . .

The Winkler Foundation . . . . . . « . - =«
Basics of the Finite-Element Method (FEM) .

g QW

I1I. EMPIRICAL AND MECHANISTIC-EMPIRICAL METHODS OF PAVEMENT DESIGN

The Empirical Approach e
The Mechanistic-Empirical Approach
Comparison of the Two Approaches
IIT. FALLING-WEIGHT DEFLECTOMETER

Background of Deflection Measurements .

The Benkelman Beam (Static Deflection) .

The Dynaflect (Steady-State Vibration) . . . . . . - .« -
The Falling-Weight Deflectometer (Dynamic Deflection) . .

FWD Calibration (The SHRP Procedure) .
Further Research . . . . . - . - - -

HEOD QWD a Q o

1V. BACKCALCULATION OF MATERIAL PROPERTIES

A. Deflection Data Analysis
B. Programs for Backcalculation

V. APPLICATIONS OF THE FALLING-WEIGHT DEFLECTOMETER
A. Benefits for Pavement Management Systems
B. Design Procedures .

¢. Other Uses

REFERENCES

Preceding page blank

NN

11

11
12
12

19
19
19
20
20
24
24
27

27
34

37
38
38
49

51

vii



Figure 1. Stress-strain curve for an elastic material.
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MODULE I: PAVEMENT RESPONSE

A. Basics of the Theory of Elasticity

Pavement structural responses (deflections, strains, stresses) due to FWD loading
have been compared to those of a truck wheel moving at about 60 km/h. Test
results indicate that these responses are almost identical. The theory of
elasticity is one method of estimating these responses to applied loads. It
assumes that if a body is perfectly elastic, deformation occurs when an external
force is applied, but disappears with removal of that force. 1In the theory's
simplest version, two material properties are used: E (modulus of elasticity) and
v (Poisson's ratio). Hook's law states that the ratio of stress over strain is

a constant (Fig. 1), and that E is found as follows:

o

E=_I (1)
E)(

where o, = stress in the x direction, and

€ = strain in the x direction.

Poisson's ratio is the ratio of radial to longitudinal strain (Fig. 2) and is
found as follows:

y = _e_r (2)
€L

e = AW (3)

r W

L= (4)

where ¢, = radial strain,
€L = longitudinal strain,

W = initial width,



2 Interpreting Data

AW = change in width,
L = initial length, and

AL = change in length.

B. Boussinesq’s Equation

Closed-form solutions to compute pavement stress are based on the theory of
elasticity. For general three-dimensional structures, use of the basic equations
introduces fifteen unknown variables: six strains, six stresses, and three
displacements. To find an exact solution, these unknowns must satisfy six
strain-displacement equations, six stress-strain equations, and three equations
of equilibrium. Exact solutions for most problems thus are usually complex, and
knowledge of differential equations is necessary to obtain them for even the most
elementary problems. However, to analyze pavements, many formulas have been
derived from this theory. These formulas are all similar and differ only in
assumptions made to represent material properties and geometry. The discussion
here is restricted to one of the most widely used formulas, published in 1885 by
Boussinesq, a French mathematician (1). His equation related vertical stress at
any depth below the earth’s surface to a point load at the surface:

0, = k> (5)
14

where k = .:2)’.1r[1+(r/z)2]'5/2,

o, = vertical stress, MPa,

r = radial distance from the point load, mm,
z = depth, mm, and
P = point load, N,

Stresses can also be computed in polar coordinates:

ar= 3Pcos§ (6)

27 R2
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P (3cosé sin?8) - (1-2v)

o (T+cosb) (N
=
27 R2
_ (l-cos@)
o = P(1-2v) —os (8)
2xR2
2 .
T, = 3P (cos“f sind) (9)
2xR?
¢ [(1+V)P(3cos30 - 2vcosf)] (10)
z
2 nR2E
g o L(A+P (2(Q-v)+ cos?f)] (11)
z 7nRE

where P = point load,
§ = angle from z axis to point load,
R = radial distance from point load,
0. = radial stress, MPa,
g, = tangential stress, MPa,
r = shear stress, MP,,
¢ = strain,
d, = displacement in the z direction,
vy = Poisson's ratio, and

E = elastic modulus.
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Figure 3. Stress components.
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Physical interpretation of the components of stress is shown in Figure 3. Here
are three observations from the Boussinesq equations:
1. Vertical stress is independent of material properties and depends only
on depth, radial distance, and point load.

2. Maximum stress occurs directly under the load.

3. Stresses decrease with depth and radial distance.
Difficulty is encountered when the equations are used to compute stresses due to
tire pressure, since they consider only concentrated loads. To overcome this
problem, early in the 20th century the solution for a point load on a

semi-infinite half-space was generalized to loads distributed over areas of
general shapes.

C. Layered Systems

Burmister (2) extended Boussinesq’s solution to two-layer elastic systems. His
solutions assumed that materials in the layers are homogeneous, isotropic,
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incompressible, and elastic. Acum and Fox (3) extended Burmister's solution to
the three-layer case. The first two programs capable of analyzing up to five
layers, loaded by a point load or a circular load, were presented in 1959 by
Mehta and Veletsos (4). Since then, other programs have been developed for
multi-layer elastic analysis, including the following:

1. CHEVRON, a program written in the early 1960s, used the theoretical
background outlined by Michelow (3) and constituted an enhancement of the
work of Mehta and Veletsos. This program computes vertical, tangential,
radial, and shear stresses, and vertical and radial strains, and was
1imited to five layers. In 1967, it was expanded to handle a maximum of
fifteen layers, and in 1980 modifications were introduced to improve its

accuracy. The CHEVRON model was used in developing the
mechanistic-empirical Thickness Design Manual of the Asphalt Institute
(&).

2. ELSYM5 is an expanded version of the CHEVRON program. The new

capabilities include computation of displacements and principal stresses,
and ability to handle multi-wheel loads.

3. BISTRO is the precursor of another family of programs for layered elastic
analysis. Theoretical derivation for BISTRO follows work by Schiffman
(7). It can calculate stresses, strains, and displacements, assuming
rough interfaces between layers, and can account for multi-wheel loads.

4. BISAR is a new version of BISTRO, expanded in the 1970s to accommodate
tangential surface loadings and include layer interfaces. It is a
structural model program developed by Shell International Petroleum
Company Limited, and used in their Pavement Design Manual (8).

D. The Winkler Foundation

Layered elastic theory does not account for discontinuities in layers, and thus
cannot be applied for analysis of rigid pavement at or mnear slab joints, where
critical stresses occur. Westergaard overcame this problem by introducing the
theory of the Winkler Foundation in analyzing pavement slabs on grade. This
theory, also known as the dense liquid model, assumes that the subgrade cannot
transfer shear stresses (Fig. 4) -~ that is, the soil is considered to be
composed of independent linear springs. It is also assumed that vertical stress
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Figure 4. A Winkler (or dense-liquid) foundation and
an elastic solid subgrade foundation.

A. Winkler Foundation (no shear transfer)

B. Elastic Solid Subgrade Foundation
(with shear transfer)

at any point on the foundation is directly proportional to vertical deflection
at that point (Eq. 12). This theory is attributed to Winkler (9) and is known
as "the Winkler Foundation":

oc=kv (12)

where o = vertical stress, kPa,
k = modulus of subgrade reaction, MPa/m, and

v = vertical deflection, mm.

Westergaard developed a set of equations for analysis of rigid pavement on dense
liquid for corner loads, edges loads, and interior loads. Influence charts were
also developed and presented by Yoder (10). With state-of-the-art computer
Systems, a more realistic representation of slab-on-grade has been accomplished
using three-dimensional finite-element programs. "Illi-slab" (ll) developed at
the University of Illinois is such a program, capable of a variety of support
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characterization models, including dense-liquid and stress-dependent subgrade

models.

E. Basics of the Finite-Element Method (FEM)

In this method, as in the classic elasticity approach, one must use the basic
equations of elasticity, but the actual continuous structure is assumed to be
represented by a model composed of an assemblage of a finite number of simple
elements. These are analyzed separately as determinate members, and appropriate
force-displacement relations are written. These individual elements are then
interconnected at nodal points where force and displacement compatibility is
required, and the assemblage of these elements forms the pavement structure.

FEM treats displacements at the joints of individual elements as unknowns, and
the problem is formulated by considering component matrices for each element,
which when combined according to compatibility rules yield a set of matrix
equations that describe behavior of the idealized structural system.

In calculating displacements by FEM, a large system of algebraic equations must

be solved (Eq. 13), one for each degree of freedom:
[K]{v} = {F} 13)

where [K] = n x n stiffness matrix,
(v} = n x 1 unknown displacements, and
{F} = n x 1 nodal forces.

When a structure and its external loads are axisymmetric, the stress components
are independent of the angular (8) coordinate; thus all derivatives with respect
to (9) vanish.

To write equilibrium equations for a single element that has been cut from the
indeterminate structure, one must evaluate the stiffness matrix. To calculate
its coefficients, the expression for the internal potential U (strain energy due
to deformation of the element) must be obtained.

Stiffness coefficients are defined as the second partial derivative of U with
respect to displacement:
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. 6% (14)
S 6v?
Strain energy U is given as follows:
= 1 15
U= 5[ Llol{eav (15)
where |o] = a row of vectors of stresses,
{€}) = a column of vectors of strains, and
dV = r dr d9 dz.
The constitutive relation is given as follows:
{o} = [D]{e} (16)

where {g) = a column of vectors of stresses,
[D] = the elasticity matrix (linking o and £), and
{e) = a column of vectors of strains.

Strain displacement equations in cylindrical coordinates are given by the
following six equations:

€, = _gg (17)
=L+ (H (18)
€, = g_‘zi (19)

(21)
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IEED

r =
v =
Ww o=

oz =

ow =

66 =
g =

Yzr =

T =

Yo =
€& =
€, =
€g =

5v (22)
oz

displacement in the r direction,
distance from point load application to point of interest,
displacement in the § direction,
displacement in the z direction,
initial incremental length of z,
initial incremental length of w,
initial incremental length of @,
angle to point of interest,
displacement in the zr direction,
displacement in the rf direction, and
displacement in the fz direction,
strain in the r direction,

strain in the z direction, and

strain in the § direction.

Substituting Eqs. 17 through 22 into Eq. 15 and integrating, the strain energy
U is obtained as a function of the displacements. Taking the first and second
derivatives with respect to v (displacements) of the strain energy U, one obtains
the stiffness coefficients and then the equation of equilibrium (Eq. 13) is used

to solve for unknown displacements.






MODULE I1I: EMPIRICAL AND MECHANISTIC-EMPIRICAL METHODS OF PAVEMENT DESIGN

A. The Empiriecal Approach

Empirical observations have always provided the basis for formulating criteria
to be applied in practice. The first important full-scale accelerated pavement
experiment was conducted at Ottawa, Illinois in the 1950s, and was known as the
AASHO Road Test (12). The AASHTO design procedure (13) is based on data
collected then, and takes into account a number of design and behavioral factors
under test loads.

This approach is based on ability of the pavement to serve traffic over a period
of time and is known at its functional performance, which is measured by an index
called the Present Serviceability Index (PSI). This is a numerical value ranging
from 5 (representing the best possible pavement) down to 0 (representing no
pavement at all). In the AASHO Road Test it was assumed that pavement deflection
under load was directly related to loss of PSI.

For example, the AASHO 80-kN ESAL (equivalent single-axle load) factors were
derived for dual-tire single and tandem axles, with a maximum single-axle load
of 133 kN and tandem-axle load of 214 kN. AASHO equivalency factors thus are
limited to these axle configurations and load ranges. The 1986 AASHTO Guide (13)
for design of pavement structures is used by many states, but due to limitations
of the data from the AASHO Road Test, many factors provided are outside the
boundaries from which they were developed. Obviously, problems arise when

functional methods are used if there are no experimental data to support their
use. A solution to this problem is using a combination of empirical and
mechanistic methods -~ this is, using a mechanistic model, calibrated empirically
by field data, to evaluate damaging effects of traffic and environment.

B. The Mechanistic~Empirical Approach

Part IV of the 1986 AASHTO Guide (13) states:

Preceding page blank 1
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Mechanistic design procedures are based on the assumption that a
pavement can be modeled as a multi-layered elastic or visco-elastic
structure on an elastic or visco-elastic foundation. Assuming that
pavements can be modeled in this manner, it is possible to calculate the
stress, strain, or deflection (due to traffic loadings and/or
environments) at any point within or below the pavement structure.
However, researchers recognize that pavement performance will likely be
influenced by a number of factors which will not be precisely modeled by

mechanistic methods. It is, therefore, necessary to calibrate the
models with observations of performance, i.e., empirical correlations.
Thus, the procedure is referred to in the Guide as a

mechanistic-empirical design procedure.

For flexible pavements, this approach assumes that structural failures are caused
by fatigue cracking associated with horizontal tensile strain (Fig.5) and
rutting, which can be related to vertical compressive strain -- that is,
mechanistic procedures have been applied to cracking and rutting predictions.
The assumption is that maximum compressive or tensile strains and performance are
unique, regardless of the type of axle configuration. For fatigue cracking, the
approach empirically relates fatigue life (total ESALs) to maximum tensile stress
(0msx) Or tensile strain (eg,,) occurring on the underside of the pavement when
loaded by traffic. For permanent deformation, this approach relates fatigue life
to plastic or permanent strain in each pavement layer. Total deformation is
estimated by summing deformations over the full depth.

For rigid pavement, the mechanistic-empirical procedure has been applied to
determine joint spacing, dowel size, and size and placement of reinforcing steel.

C. Comparison of the Two Approaches

1. Problem

Design an experiment to find how rigid pavement faulting depends on its
geometry, material properties, temperature, and the load acting on it,.

Fatigue: N = number of 80-kN ESALs
Load: P = shear force acting on the dowel (F)
Material Properties:

Ey = modulus of elasticity of the dowel (FL%)



Figure 5. Maximum tensile strain vs. surfacing thickness.
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K; = soil modulus of subgrade reaction (FL3)
K; = modulus of dowel support (FL-3)
C = slab subbase frictional restraint
Geometry:
L = slab length (L)
TS = shoulder type
d = dowel diameter (L)
Temperature:

AT = mean temperature range (°C)

Solution by the Empirical Approach

1 dependent variable: faulting

10 independent variables: ESALs, P, E4, K, K,, C, L, TS, d, AT
2 or 3 levels of each variable

210 or 310 total tests

1024 or 59049: full factorial

Equation:

1. Linear Regression Model

Fault = a + b(ESALs) + c(P) + d(Eg) +e(Kg), £(Ke) + . . .
+g(C) +h(L) +i(TS) +j(d) + k(AT)

(23)

2. Non-linear Regression Model

Fault = ESALs® [ b (P® EJ K Cf L& a® ATi) k) TSk ] (24)
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3. Mechanistic-Empirical Approach

In 1938, a procedure was presented by Friberg (14) to calculate maximum

concrete bearing stress (Opy,y):

KcP(Z-rﬁw)

Omax =~ (25)
ch]%
where B8 = eI
B = relative stiffness of concrete around the dowel (If‘),

K, = modulus of dowel support (FL3),
d = dowel diameter (L),

E; = modulus of elasticity of the dowel (FLQ),

P = shear force acting on the dowel (F),
I = moment of inertia of the dowel (1?),
w=CL[0.5a, AT + €41,

where w = joint opening (L).
C = slab subbase frictional restraint,

L = slab length (L),

a, = coefficient of thermal expansion of the concrete slab
¢ch,

AT = mean temperature range (°C), and

coefficient of drying shrinkage of the concrete slab.

€s

In the late 1970s, with the aid of the finite-element method Tabatabaie et al.
(15) found that dowel diameter and elastic modulus of the concrete have
significant effects on maximum concrete bearing stress. They derived the

following relationship for maximum concrete bearing stress:
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5515.808 + 0.068E
S : e) (25.4 + 0.350) LT (26)

d3

where E; =~ modulus of elasticity of the concrete, MPa,

d dowel diameter, mm,

w = joint opening, mm,

LT

SPa, maximum load transferred by a dowel, kN,

S5 = dowel spacing, mm,

o}
X

applied external load, kN, and

Q
[

0.0091 for edge load,

0.0116 for protected corner load,

0.0163 for unprotected corner load.
Also, using a finite-element program, maximum concrete bearing stress can be
calculated. Independent of the procedure if the law of mechanics is used the
number of independent variables is reduced to four:

Dependent Variable: 1 (Fault)

Independent Variables: 4 (ESALs, K, TS, and o,,,)

Levels of Each Variable: 2 or 3

Number of Tests: 24 or 3¢

Full Factorial: 16 or 81
The Eq. 27 model was formulated using data from the AASHO Road Test, a database

developed by ERES for FHWA (16), and COPES (17). These data include various
pavement characteristics, environmental conditions, and traffic conditions:

Fault = ESALs® (bo®, + dk® + £TS) ' (27)
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where Fault = mean transverse joint faulting, mm,
ESALs = number of cumulative 80-kN ESALs, millions,
g = maximum concrete bearing stress, MPa,
k = modulus of subgrade reaction, MPa/m, and

TS = shoulder type (0 if a bituminous shoulder, 1 if a tied
shoulder).

Estimated coefficients are:

a= 0.6
b = 0.01784604
c= 2
d = 144.6
e = ;1.809
f = -0.0074
This example has demonstrated that using engineering principles -- that is, a

procedure based on the laws of mechanics, resulting ina designed experiment with
full factorial for Level 2 of each variable -- the number of tests is reduced
from 1024 to 16.
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Figure 6. The Benkelman beam.

1.40 ® 250 ™




MODULE III: THE FALLING-WEIGHT DEFLECTOMETER

A. Background of Deflection Measurement

Pavement management systems (PMSs) have been developed throughout the United
States over the last 20 years and have been adopted in many states. Current

technologies allow measurement of five PMS variables:
1. Roughness,
2. Rutting,
3. Skid resistance,
4. Pavement deflection, and
5. Pavement distress.

In the field, data for these variables can be collected automatically by
computerized instrumentation systems. In the last 40 years, many devices have
been developed to measure deflection, including the Benkelman beam, the
Dynaflect, and the falling-weight deflectometer. The primary purpose of
deflection measurement is to collect information concerning the pavement
structure. The major variables to be estimated are elastic modulus (E values),
foundation support (k values or CBR), and degree of load transfer (J factors).
This information can be used for design of new and reconstructed pavements,

joints, and overlays.

B. The Benkelman Beam (Static Deflection)

This device (Fig. 6) measures pavement response to a static load. When a given
load (usually a truck loaded with selected weights) is applied to the pavement
where deflection is to be measured, the beam reading is adjusted to zero. The

19
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load is then removed, resulting in a beam reading indicating the deflection
caused by the known static load. The traditional Benkelman beam must be manually
balanced and read.

C. The Dynaflect (Steady-State Vibration)

Shown in Figure 7, this machine produces sine-function vibration transmitted to
the pavement through steel wheels. Pavement response to the force of vibration
is measured at various positions by sensors called geophones. The physical
variables measured by the sensors are vertical velocities of the pavement surface
at various positions (Fig. 8). Because the force input to the pavement structure
is sinusoidal, pavement response is considered to be steady-state, allowing
control of the data collection procedure by a microcomputer system that can also
process the collected data. The Dynaflect has two sets of wheels -- an outer set
for transport, and an inner (steel) set for testing. When the system is not in
operation the steel wheels are lifted, and during testing the outer wheels are
lifted and the steel wheels fully contact the pavement so that vibration force
can be effectively transmitted.

D. The Falling-Weight Deflectometer (Dynamic Deflection)

In the United States some of the more popular FWD models are known commercially
as the Dynatest, KUAB, and Phoenix. They lift weights to predetermined heights
and then drop them on a loading plate, producing an impulse force that in turn
can be controlled by adjusting the height from which the weights are released.
Sensors on the deflectometer measure vertical velocities of the pavement surface,
thus recording pavement response to the impact load. When the falling weights
touch the loading plate, an impulse force is produced (Fig. 9) and measured by
the sensors. The intermediate characteristics, including magnitude of response,
transit time, and duration, are dependent on pavement materials and impact load,
If other conditions are fixed, the waveforms measured by the sensors may be used
to estimate materials characteristics.

Sensors may be distributed uniformly or non-uniformly (Fig. 10). Because the
form of the deflection basin changes most around the point where the impulse
force is applied, more sensors are needed in that region and non~uniform
distribution thus is used more often. Figure 11 shows the process of measuring
the deflection basin. When an impulse force is applied, pavement response is
measured at various locations by geophones. Using an integrator, vertical
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Figure 7.

Distribution of Dynaflect geophone sensors.
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Figure 10.

Sensors distributed uniformly (above) and nonuniformly (below)
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Figure 12. FWD conceptual hardware and software systems.
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Table 1. Typical FWD specifications (KUAB model).
Specitications 2M-14  2M-23 2M-33  2M-44  2M-66
Load range (Kips) 314 323 333 344 366
Load rise time (msec) 25 17125 17125 17125 17125
Load duration (msec) 50 34/50 34/50 34/50 34/50
Test times - standard 3 drop sequence (sec) 45 45 45 45 45
Seqsor positions (inches) 0120 0-120 0120 0120 0-120
Typical number of sensors 79 79 79 79 79
Sensor range (mils) 0-200 0-200 0-200 0-200 0-200
Segmented load plates (mm) 300 300/450 3007450 3004450  300/450

Accuracy, Resolution and Repeatability

Seismometers Absolute accuracy

Repeatability
Resolution

Load Cell Absolute accuracy

Resolution

velocities at these
basin can be estimated.

points can be converted to deflections,
Figure 12 shows the FWD conceptual hardware and software

Better than 2% of indicated reading +2 microns
(0.08 mils).

Better than 0.5% of reading + 1 micron (0.04 mils).
Deflection readings down to 1 micron (0.04 mils).

Better than 2% of the indicated rating.
8 pounds-force or better.

and the deflection

systems, and Table 1 lists typical specifications.

E. FWD Calibration (The SHRP Procedure)

This includes individual and relative calibrations:
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Figure 13. 1Individual calibration of FWD sensors.

Standard Force

Calibration
Processing

Reference  Calibrated
Sensor Sensor

] Calibrating _'ate

Individual Calibration

1. The purpose of individual calibration is to determine the linear
correlation model between the reference sensor and calibrated sensor, as

shown in Figure 13. Each sensor should be calibrated, based on the

reference sensor.

2. Relative calibration is used to determine the statistical difference

between the calibrated sensor and a standard sensor. This is done to

assure repeatability of measurement by any calibrated FWD.

Individual and relative calibrations should be conducted at specified time

intervals to ensure that data collected are reliable. This calibration conforms

to the procedure recommended by the Strategic Highway Research Program.

F. Further Research

The Engineering Research and Development Bureau is monitoring the Department's
initial use of FWDs, focusing on three aspects —- evaluation, implementation, and
application. This is based on analyses of correlation, repeatability, and
environment. The major evaluation activity is collection of field and laboratory

data. Implementation consists of training FWD users, preparing an operating
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manual, and model development. During implementation, models will be developed
predicting pavement responses and materials characteristics. The study will also
collect information on such FWD applications as pavement evaluation and overlay
design.



Table 2. Proposed parameters based on surface deflection¥.

Parameter Formula? Source

Radius of curvature® R = r2/2d0[(d0/dr) - 1} Miura and Tobe (18)
Deflection ratio® DR = d,./dg Claessen et al. (19)
Spreadabilityd SP = [(dg + d; + dyp)/3dg] x 100 Rufford (20)

Bending index BI = dp/a Hveem (21)

Radius of influence RI = Rl/d, Ford and Bisselt (22)
Slope of deflection® SD = tan'l[(do - d,)/r] Kung (23)

4y = radial distance from center of load; d = deflection (0 = center of load,
r = radial distance, 1,2 = Locations 1 and 2; a = one-fourth length of de-
flection basin; Rl = distance from point of maximum deflectiom to where curve
becomes tangent to horizontal.

br and radius for dp = 127 mm.

CRadius for d, = 600 mm.

ddl and do measured at 300 and 600 mm from the load, respectively.

®r and radius for d,. = 610 mm.

*Adapted from Stock, A.F., and Yu, J. "Use of Surface Deflection for Pavement
Design and Evaluation.” Transportation Research Record 954, Transportation
Research Board, 1984, pp. 64-69.
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MODULE IV: BACKCALCULATION OF MATERIAL PROPERTIES

A. Deflection Data Analysis

To conduct an FWD test, a pulse load with a short loading time (about 28
milliseconds) is applied to the surface by a weight falling on a set of springs.
The load is transferred to the pavement through a circular plate, and surface
deflections are measured and recorded by seven geophones (sensors) at various
distances from the loading point. Deflection-basin magnitude and shape are
determined by characteristics of the pavement system, including layer thickness,
Poisson's ratio, layer moduli, moduli ratio, and depth to the stiff layer (i.e.,
bedrock). To analyze surface deflection data, the following parameters can be
used, where Dy = deflection at center of the loading plate and D; = deflection
at the sensor:

1. Maximum deflection Dy,
2. Deflection basin area = 6(1 + 2D;/Dy + 2D,/Dy + D3/Dy), and

3. Deflection shape factors F; and F,: F = (Dy - D;)/D;, and F, = (D; -
D3)/Dl.

In addition, other parameters have been proposed by researchers, as summarized
in Table 2.

For a more sophisticated analysis, layer moduli can be "backcalculated" from the
loads and surface deflection data, giving detailed information concerning
material characteristics of each layer in the pavement system.

To compare relative changes of structural conditions between points (stations)
and over time, the easiest and most convenient method is to plot surface
deflection data. In general, the higher the deflection, the weaker the pavement
system. "OQuter" sensors typically register response of the deeper layers, and
"inner" sensor deflection represents composite effects of whole pavement layers.

27
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By plotting surface deflections over different time periods, one can visually
examine changes in pavement structural conditions.

By computing deflections in the pavement system, a typical curve for 95 percent
of surface deflection can be drawn (Fig. 14). It should be noted that depth
beneath which 95 percent of surface deflection occurs declines gradually and
moves downward with increasing radial distance from the loading plate. Actual
shape and position of this curve are functions of the moduli and thicknesses of
the pavement layers. However, one can say that most of the registered surface
deflection is attributable to compression occurring in layers that are below the
curve. Only a small portion (5 percent) of surface deflection occurs in
materials above the curve. Thus, materials above it have almost no influence on
measured surface deflection at any particular radial distance from the loading
plate. This concept is used to interpret surface deflection data. Outer sensors
characterize the deeper layers, and inner sensors represent composite effects of
the pavement system. Sensor spacing for the layers is estimated with a 34-deg
line, which provides a good estimation of the 95-percent deflection curve (Fig.
15).

As case studies, two asphalt-rubber test sites on New York State Rtes 17 and 144
were tested with FWDs in 1989 and 1992 (24). Four loads were applied and seven
sensors -- positioned 0, 200, 325, 500, 800, 1250, and 1500 mm from the center
of the loading plate -- recorded surface deflection. To examine pavement
condition, surface deflections were plotted against station number. Data were
normalized before plotting because most pavement design procedures use the 80-kN
equivalent-single-axle-load (ESAL) concept (i.e., 40-kN per wheel load). In
addition, it is known that pavement materials behave nonlinearly under loads (a
nonlinear stress/strain relationship exists). Thus, among the four load levels,
that closest to 40-kN was plotted.

Three sensors were used to represent response of three subsystems -- the entire
pavement, the subbase and subgrade combined, and the subgrade alone. As
mentioned earlier, a 34-deg line was used to estimate spacing for the layers, as
shown in Figure 16. Center deflection (R = 0) was used for all layers. The
other two sensors were determined using R = [(depth to top of layer/tan (34
deg)]. For Rte 17, sensor spacings of 0, 500, and 1250 mm were used, and for Rte
144, spacings of 0, 500, and 800 mm. Deflection data are plotted for Rtes 17 and
144 in Figures 17 and 18. By examining magnitude of deflection in micrometers,
relative weakness and changes with time at each individual test station can be



Figure 14. Surface deflection.
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Figure 16. 95-percent deflection curves for Routes 17 and 144,
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Figure 17. Rte 17 driving lane normalized deflections summarized by date.
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Figure 18. Rte 144 driving lane normalized deflections summarized by date.
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identified, as well as layer(s) responsible for any weaknesses. Some general

statements can be made regarding analysis of the FWD test results:

Rte 17

In Figure 17 it can be noted that center deflections increased from 1989
to 1992. Thus, overlays in all sections have deteriorated.

Comparing deflections at R = 500 in Figure 17, the subbase beneath
Section 4 and the control section remained essentially the same, since
their deflections were both about 75 um. Four points appear to have
weakened from 1989 to 1992 -- one in Section 1, one in Section 3, and
two in Section 2 -~ with relatively high increases in the readings at
R = 500.

It can be observed in the 1992 plot that subbase condition for Section
4 and the control section is relatively better than for the other three
sections, with deflection at R = 500 smaller and more uniform than in
the other three sections. Some of this variation in the Sections 1, 2,
and 3 can be attributed to the subgrade, since it exhibits the same
pattern.

Comparing 1989 and 1992 deflection readings at R = 1250, the subgrade
remained fairly constant except for one reading around 50 pm each in
Sections 1, 2, and 3.

From the 1992 graph in Figure 17, the section in best overall condition

was the control (with smallest deflections) and the poorest were
Sections 2 and 3 (with highest deflections).

144

Rte

From Figure 18 most of the control section’s subbase and subgrade are
registering low deflections (R = 500 and 800, respectively), with the
other sections performing adequately, as before.

Each section has at least one station exhibiting relatively significant
high-deflection readings at all three sensors, with Section 3 the worst.
Since all three sensors exhibited the same high reading, the weakness
is probably attributable to the subgrade.
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3. The increase in deflection readings at R = 800 from 1989 to 1992 means
the subgrade has deteriorated in strength, but the subbase had remained
essentially the same.

4. From the 1992 data, in terms of overall pavement performance, the
control section is performing best of all layers because it exhibits
lowest deflections. Seasonal variations were not considered in this
analysis.

B. Programs for Backcalculation

1. The MODCOMP Program

The computer program MODCOMP 3 was developed at Cornell University by Irwin (23)
to interpret moduli of elasticity of pavement layers from surface deflection
data. It uses an iterative approach where layer moduli are systematically varied
until a fit of surface deflection data is achieved.

MODCOMP 3 can handle data from up to ten deflection sensors at up to six load
levels. The pavement system may have up to twelve layers, although it is
recommended that no more than five or six have unknown moduli.

It is important to understand that certain pavement features affect surface
deflections, but others have little influence. In general, backcalculation can
determine moduli only for pavement layers that significantly influence surface
deflection.

Pavement surface deflections are relatively insensitive to monitored variations
in pavement moduli; this results in backcalculation of pavement layer moduli
being highly sensitive to minor variations (or errors) in measured surface
deflections. Deflection errors on the order of only 1 or 2 pm will dramatically
affect the resultant moduli. Thus, for best results with backcalculation, it is
essential to use data from a calibrated nondestructive-testing device.

To determine unknown layer moduli, surface deflections must be associated with
the pavement layers. MODCOMP 3 can use its own logic to make the assignments,
or the user may make them. There is a limit, however, as to how deep a layer
with an unknown modulus can be positioned. MODCOMP 3 generally can determine
moduli for layers lying at a depth no more than the radial distance from the
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center of load to the outermost deflection sensor. If the layer is so deep that
it has little or no influence on the outermost deflection, then its modulus
cannot be determined accurately.

In addition to knowing deflections and loading conditions, one must also know
pavement layer thickness and a value for Poisson's ratio for each layer.
Accurate knowledge of layer thickness is important, since computational results
are sensitive to thicknmess. Layer thickness should be known to a degree of
precision of 5 percent or more.

There is no closed-form solution in determining layer moduli from surface
deflection data, so an iterative approach is used in the computations. The basic
principle is to begin with a user-supplied set of "seed" moduli, from which
surface deflections are computed using the Chevron program (§). Computed
deflections are compared to measured deflections, and seed moduli are adjusted
as a function of magnitude of the difference in deflections. Then a layer
modulus is interpolated to agree with the measured deflection.

The process is repeated for each layer until agreement between calculated and
measured deflections is within the specified tolerance, or until the allowed

number of iterations has been exhausted.

The program first evaluates the modulus of the deepest unknown layer, and then
works upward to the surface layer. Measured deflections at greater radii are
assigned to deeper layers. Thus as the program works upward from the deeper
layers, it also works inward toward the center of the deflection basin.

Detailed information regarding the MODCOMP 3 program can be found in its user’'s
guide (25).

2. The MODULUS Program

This backcalculation program was developed in Texas by Uzan (26). This is a
microcomputer-based program and can be used in two-, three-, four-, or five-layer
pavement systems. MODULUS 4.0 uses the Corps of Engineers WES5 linear elastic
program, which is considerably faster than many other existing programs and has
no copyright restrictions. It also has the following added features:

1. Automatic calculation of depth to a stiff layer, which the user can

override.



36 Interpreting Data

2. Automatic calculation of weighted factors for each layer.

3. Detection of nonlinearity in the subgrade, and automatic selection of
optimum numbers of sensors to use in backcalculation.

The MODULUS program was developed to estimate pavement material properties from
nondestructive testing. The procedure is to find the set of parameters
corresponding to the best fit of the measured deflection basins. Best fit is
achieved by minimizing the error between measured and calculated surface
deflection basins. Thus, the following equation is to be minimized:

2

Wt - W u
N ei

s
2= = (28)
= squared error,
WM = measured deflection at Sensor i,
W = computed deflection at Sensor i,

s = number of sensors, and
We; = a user-supplied weighing factor for Sensor i.

To minimize Eq. 28, MODULUS uses the Hooke-Jeeves pattern-search algorithm, which
provides a definite convergence. MODULUS has the following advantages:

1. Once the deflection basin's database is calculated, the process requires
little time to complete; this is an excellent tool for routine analysis

of a known pavement system.

2. Estimation of stiff layers and weighting factors is provided.



MODULE V: APPLICATIONS OF THE FALLING-WEIGHT DEFLECTOMETER

The FWD allows backcalculation of layer material properties, specifically the k-
and E-values for various layers. These have several applications (Fig. 19).
Layer moduli can be backcalculated using several different procedures, which fall
into three basic categories: 1) layered-elastic systems, 2) database comparison,

and 3) nomographs.

Layered-elastic systems use mathematical models to calculate pavement response
under surface loads for various pavement properties. An iterative process is
then used to bring measured and theoretical deflections into agreement. Numerous
backcalculation programs are currently available. The main drawback to the
iterative layered-elastic procedure is that it is relatively slow compared to the

comparative procedure.
The comparative procedure begins by storing many deflection basins and their

corresponding layer moduli in a database. Next, the measured deflection basin
is compared with those in the database to find the closest match. Layer moduli

Figure 19. Applications of the falling-weight deflectometer.
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are then taken as those corresponding to the match. By eliminating the iterative
process, the database approach has increased the speed of backcalculation. Two
database programs available are MODULUS (26) and COMPDEF (27).

The third method uses nomographs to obtain layer moduli. To develop a nomograph,
deflection basins for different layer moduli are generated using layered-elastic
programs. Maximum deflection or basin area is then graphically related to
various layer moduli. (This is the least popular of the three procedures.)

A. Benefits for Pavement Management Systems

The FWD provides a method for rapid inventory of many miles of pavement. An
extensive study of 15 deflection devices (28) ranked the FWD best for both
project- and network-level pavement evaluation. The FWD provides a relatively
inexpensive method for rapid testing, and the test is performed in an undisturbed
state. Layer properties can be used to determine structural capacity, which can
then be applied in a pavement evaluation program. A survey of existing pavements
provides a catalog of current pavement conditions, allowing continuing evaluation
of design procedures, and helps in determining deficiencies of the current design
procedure. Pavement conditions can then be related to requirements for routine
or major maintenance, rehabilitation, and reconstruction. This information also
provides a basis for extended planning of expenditures.

B. Design Procedures

Overlay design may be developed by three methods:

1. Using the FWD or another nondestructive testing device to estimate
material properties on which to base a mechanistic-empirical design.

2. Estimating the variables needed for overlay design based on a pavement
condition survey (low-volume roads only).

3. Using lab tests to estimate in-situ material properties.

The FWD can provide data necessary to use mechanistic-empirical design procedures
for both new pavements and overlays. The one constraint is that the method used
for design should be the same as for backcalculation of FWD deflection data --
i.e., if layered-elastic theory is to be used in the design process, it should
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also be used for backcalculating moduli. Furthermore, assumptions used in
backcalculation should be consistent with those for design. For new pavements,
it is suggested that FWD tests be performed on existing pavements near the new
design location, with similar soil types.

The FWD can also be used to determine structural condition of existing pavements
based on deflections. Deflection data can then help determine layer moduli. An

example of using FWD measurements to design overlays is the revised AASHTO
overlay design manual (29), which will now be discussed.

1. Bituminous Overlays on Flexible Pavements
AASHTO overlay design includes the following steps:
1. Determining existing pavement design and construction parameters.
2. Traffic analyses (past and future).
3. Condition surveys.
4. Deflection testing (optional, but strongly recommended).
5. Coring and materials testing (optional, but strongly recommended).
6. Determining required structural number for future traffic.
7. Determining effective structural number (SN, ) of existing pavement.

8. Determining overlay thickness.

Step 1: Determining Existing Pavement Design and Construction Parameters

Determine thickness, material type, and subgrade soil data from construction
records, soil surveys, county agricultural reports, etc.

Step 2: Traffic Analyses

Determine cumulative ESALs for the design lane from opening to date and from
now to the end of overlay design life.
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Step 3: Condition Surveys

Determine distress types and severities for the most heavily traveled lane.
The following should result from the condition survey:

1. Percent of surface area with alligator cracking.
2. Number of transverse cracks per mile.

3. Mean rut depth.

4, Evidence of pumping at cracks and pavement edges.

Note that Categories 1 and 2 should be subdivided into low-, medium-, and
high-severity cracking.

Step 4: Deflection Testing

Measure deflections in the wheelpaths to assess condition of the existing
pavement. It is recommended that an FWD be used, with a 40-kN load
magnitude and a test interval of 30 to 300 m. (For further guidance,
AASHTO refers to ASTM Methods D 4694 and D 4695.) From deflection testing,
the following methods are suggested for determination of subgrade resilient
modulus M,, and effective modulus for the pavement E,.

The M, value is determined using this equation:

M= 0.24P (29)

5
(]
~
(]
e

i

backcalculated subgrade resilient modulus, MPa,
P = applied load, N,
d, = deflection at distance r from center of load, mm, and

distance from center of load, mm.

r

Note that no temperature adjustment is needed since M, is based on only
subgrade deflection. AASHTO also provides Eq. 30 for determining E,, based
on deflection at the center of the load plate:
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dy = 1.5pa 1 + A a (30)
E
2 P
M, |1+ D
A a
where d; = deflection (mm) measured at center of load plate (and

adjusted to a standard temperature of 20°C),

p = nondestructive-testing load-plate pressure, MPa,

a = nondestructive-testing load-plate radius, mm,

D = total thickness of pavement layers, mm,

M, = subgrade resilient modulus, MPa, and

MPa.

E, = effective modulus of all pavement layers above subgrade,

The deflection used to determine M, must be measured far enough away that it

provides a good estimate of M, independent of effects of any layers above,

but close enough that it can be measured accurately. AASHTO provides the

following relationship for determining minimum distance (r):

r>0.7a,

and

where a, = radius of the
interface, mm,

(31a)

(31b)

stress bulb at the subgrade-pavement
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a = nondestructive-testing load-plate radius, mm,
D = total thickness of pavement layers above subgrade, mm, and

E, = effective modulus of all pavement layers above subgrade,
MPa.

Step 5: Coring and Materials Testing

Although not mandatory, this step is strongly recommended to determine
thicknesses and condition of existing pavement layers. Coring and materials
testing should determine the following:

1. Resilient modulus of subgrade (if FWD testing is not performed).

2. Asphalt concrete layers and the stabilized base should be sampled
for evidence of asphalt stripping, degradation, and erosion.

3. The base and subbase should be sampled and gradations run to
determine degree of degradation and contamination by fines.

4. Thickness of all layers should be measured.
Step 6: Determining Structural Number for Future Traffic (SNp).

Use the design M, value as a parameter to determine the required SN;. The
design M, (in MPa) for a FWD is determined using the following equation:

Design M, = (32)

L
[}
—
£
=
L S—

where C = a correction factor, necessary to make M, consistent with
the laboratory-measured value used for the AASHO Road Test
soil in developing the design equation,
d. = deflection at r, mm,

r = distance from center of load plate, mm, and

P = 1load, N.
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AASHTO recommends C = 0.33 when using an FWD load of about 40 kN. Next, the
structural number needed to carry future traffic (SN;) is computed using the
design M, (Eq. 32) just calculated in the flexible pavement design equation.

Ste : Determining Effective Structural Number (SN.q)

Determine this number for the existing pavement as follows:

3
SNy = 0.00093 D yE, (33)

where D = total thickness of all pavement layers above the subgrade,
mm, and

Ep = effective modulus of pavement layers above the subgrade,
MPa.

If deflection testing is not used, then SN must be estimated based on a
condition survey.

Step 8: Determining Overlay Thickness (D)

Find this as follows:

SN,
D, = a°‘ X 25
ol
(34)
SN; - SN
D, = Lf_al_:ff_) x 25
()

where SN, = required overlay structural number,

o = structural coefficient for the overlay,

o = required overlay thickness, mm,

SN; = structural number found in Step 6, and

SN = effective structural number of the existing pavement
(from Step 7).
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Bituminous Overlays on Rigid Pavements

AASHTO design of bituminous overlays requires the following steps:

1. Determining existing pavement design parameters.

2. Traffic analyses.

3. Condition surveys.

4. Deflection testing (optional, but strongly recommended).

5. Coring and materials testing (optional, but strongly recommended).
6. Determining required slab thickness for future traffic (Dg).

7. Determining effective slab thickness of existing pavement (D).
8. Determining overlay thickness.

Step 1: Existing Pavement Design Parameters

Determine existing slab thickness, load-transfer type, and shoulder type by
examining the pavement or construction records.

Step 2: Traffic Analysis

Same as for bituminous overlays on flexible pavements.

Step 3: Condition Surveys

Same as for bituminous overlays on flexible pavements.

Step 4: Deflection Testing

The suggested procedure starts with measuring basins at intervals of 30 to
300 m (the exact interval should be sufficient to assess conditions
adequately). The AASHTO method requires locating sensors at 0, 300, 600,
and 900 mm from the center of the load, and recommends a load magnitude of
40 kN. The overlay design manual (29) also provides nomographs (Figs. 20
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and 21) for determining effective k-value and the slab’s elastic modulus.
The nomographs require computation of deflection basin area, as follows:

w2 o) [

where dy = deflection at the center of the loading plate, mm, and

d; = deflection (mm) at 300, 600, and 900 mm from the plate’s

center.

1. Using area of deflection basins and the nomographs, determine the
dynamic k-value using Figure 20.

2. Determine effective static k-value (half the effective dynamic k-value).

3. Entering Figure 21 with the effective dynamic k-value, and area of the
deflection basin, solve for ED?, where D is slab thickness. Solve for
E (in MPa), knowing the slab thickness D (in mm).

4. Determine joint load transfer by placing the load plate on one side of
the joint with its edge touching the joint, and measuring deflection at
the center of the load plate and 300 mm from the center (on the unloaded
slab). Deflection load transfer can then be computed as follows:

A
ALT = 100 [_Ai'] B (36)
1

where ALT

deflection load transfer, percent,
A, = unloaded-side deflection, mm,
b = loaded-side deflection, mm, and
B = slab bending correction factor (this value is the ratio

of dy to dj, from a center-slab deflection test; typical
values are from 1.05 to 1.15). (This slab bending
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Figure 2Q. Effective dynamic k-value determination from D, and
AREA [Fig. 14.2 from the 1993 AASHTO Guide for Design
of Pavement Structures (29)]. (1 pei = 0.27 MPa/m, 1
1b = 4,45 N, 1 in, = 25 mm, 1 mil = 25 microns)
Maximum deflection, dg, mils
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Figure 21. Concrete elastic modulus determination from k-value,
AREA, and slab thickness [Fig. 14.3 from the 1993
AASHTO Guide for Design of Pavement Structures (Q)].
(1 in. = 25 mm, 1 MPa = 0.145 ksi)
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correction factor is necessary because deflections at 0
and 300 mm would not be equal, even if measured at the
interior of the slab.)

The J load-transfer coefficient is then determined as follows:

Percent

Load
Transfer _J_
>70 3.2
50-70 3.5
<50 4.0

Step 5: Coring and Materials Testing

From 150-mm diam cores from the center of the slab and indirect tensile
tests, determine the concrete modulus of rupture.

Step 6: Determining Required Slab Thickness for Future Traffic (Dg)

Using the AASHTO design equation, nomograph, or DARWin program (30),
determine slab thickness necessary to carry traffic from the present to some
point in the future.

Ste : Determining Effective Slab Thickness (D) of Existing Pavement
AASHTO provides two methods, the first based on condition surveys and the
second on remaining life (RL). The procedure for determining Dy from RL is

as follows:

1. Compute RL as follows:

RL = 100 [1 - [ﬂ’_]
nys

where RL = remaining life, percent,

(37)

Nb = total traffic to date, ESALs, and



48 Interpreting Data

N;s = total traffic (ESALs) to pavement "failure" (N;; may be
estimated wusing the AASHTO rigid pavement design
equations, nomographs, or the DARWin program, a "failure"
PSI of 1.5, and reliability of 50 percent).

2. Determine condition factor (CF) using RL and Figure 22 in the revised
AASHTO overlay design manual.

3. Calculate Dy as follows:
Dy = CFx D (38)

where CF = control factor, and
D = thickness of the existing slab, mm.

Step 8: Determining Overlay Thickness

Bituminous overlay thickness is computed as follows:

Dol =A(Df- Deff) (39)

where D, = required thickness of bituminous overlay, mm,

A = a factor to convert rigid pavement thickness deficiency
to bituminous overlay thickness,

D = slab thickness (mm) determined in Step 6, and

D = effective thickness (mm) of the existing slab determined
in Step 7.

The A factor is a function of rigid pavement thickness deficiency, and is
calculated as follows:

A = 2.2233 + 0.0099 (D - D)2 - 0.1534 (D¢ - Deg) (40)
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Figure 22. Relationship of condition factor and remaining
life [Fig 15.1 from the 1993 AASHTO Guide for
Design of Pavement Structures (29)].
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C. Other Uses

The FWD can be used to determine the effect of seasonal variations on structural
capacity of pavements. Alaska (31) has used the FWD to determine damage
potential during spring thaw, and has modified load restrictions during such
periods based on FWD data.
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